Wisteria floribunda agglutinin (WFA) is a useful probe for distinguishing glycan structural alterations in diseases such as intrahepatic bile duct carcinoma and hepatic fibrosis; however, the gene encoding WFA has not been identified. Here, we identified the gene encoding WFA, and recombinant WFA (rWFA) was expressed in Escherichia coli and purified. The natural complementary DNA sequence obtained from wisteria seeds contained an open reading frame of 861 nucleotides encoding a WFA precursor, which included a hydrophobic signal peptide at the N-terminus, a propeptide at the C-terminus and a single cysteine (Cys) residue for dimer formation. We characterized the natural and rWFA by the glycoconjugate microarray and frontal affinity chromatography. rWFA exhibited glycan binding specificity similar to that of natural WFA: both bound to Gal-and N-acetylgalactosamine (GalNAc)-terminated glycans. Moreover, the engineered WFA with an amino acid substitution in Cys-272 yielded a recombinant monomeric lectin with limited binding specificity but wild-type affinity for GalNAc-terminated glycans, specifically GalNAcβ1,4GlcNAc. Thus, this engineered lectin may be applied to highly sensitive biomarker detection.
Introduction
Lectins, glycan-binding proteins purified from plants or fungi, have been used to distinguish the glycan structural alterations associated with development, differentiation and disease. Wisteria floribunda agglutinin (WFA) belongs to the legume lectin family, one of the largest subfamilies of plant lectins. WFA recognizes glycan structures containing terminal N-acetylgalactosamine (GalNAc), and owing to its unique specificities, it has been used in various biological fields. In neuroscience, for instance, WFA has been used as a conventional marker of the perineuronal net (Hartig et al. 1992 ). In the gastrointestinal tract, it stains the foveolar epithelium of normal gastric mucosa and disappears during intestinal neoplasia (Ikehara et al. 2006) . Recent glycoproteomics approaches have been launched on the foundation of WFA as an effective probe for diagnostic biomarkers of disease. WFA-positive sialylated mucin 1 and WFA-positive L1 cell adhesion molecule (L1CAM) are specific bile markers of intrahepatic cholangiocarcinoma (Matsuda et al. 2010 , and WFA-positive Mac 2-binding protein in serum enables quantitative assessment of the progression of hepatic fibrosis caused by hepatitis virus B and C infection . We recently reported WFA-positive colony stimulating factor 1 receptor and ceruloplasmin (CP) as candidate biomarkers of liver cirrhosis and epithelial ovarian cancer, respectively (Ocho et al. 2014; Sogabe et al. 2014) .
Several lectins isolated from wisteria seeds were reported in the 1970s. Toyoshima et al. (1971) reported the isolation and biochemical characterization of two glycoprotein lectins of different molecular weights, designated W. floribunda mitogen (WFM) and hemagglutinin (WFH) (Toyoshima and Osawa 1975) . The molecular weight of WFM is approximately 32 KDa as a monomer and 67 KDa as a dimer, both of which exhibit hemagglutination and phytogen activities. WFH forms a 136-KDa tetramer of 35-KDa monomers that do not possess mitogen activity, but exhibit stronger hemagglutination activity than WFM. Another glycoprotein lectin of 68 KDa composed of two 32-KDa disulfide bond-linked subunits exhibits hemagglutination activity inhibited by GalNAc addition (Kurokawa et al. 1976 ). These lectin proteins were purified by classical biochemical techniques; meanwhile, Poretz et al. isolated two lectins, hemagglutinin and mitogen, by affinity purification with polyleucyl hog gastric mucin (Cheung et al. 1979; Kaladas and Poretz 1979) . The hemagglutinin is a dimer consisting of identical 28-KDa monomer subunits covalently bound by a disulfide bond; the mitogen was also a dimer consisting of identical 32-KDa monomers. These wisteria lectins have similar properties such as GalNAc recognition and oligomer formation, but differ in molecular weight, amino acid and carbohydrate composition, and even mitogen activity. However, it is impossible to determine if these studies conducted with varied approach and resources have addressed the same or different molecules.
Although the biological importance of WFA in diagnostics is becoming clearer, the utility of WFA is still limited by glycan-binding specificities and production issues. The mechanisms of WFA-glycanbinding specificity remain unexplained, and it is unclear whether or not WFA epitopes observed in tissue staining of the neuron and stomach and those in several biomarker proteins are identical. Commercial WFA is isolated from wisteria seeds, which are a natural resource, the supply of which is subject to climate instability, making it difficult to maintain quality. Reagent-scale WFA production should be shifted to recombinant methods to ensure a steady supply and to control for differences between production lots.
In an attempt to resolve these problems, we identified the gene encoding WFA and produced the recombinant lectin in a bacterial ex6pression system. We examined the glycan-binding specificities of the recombinant lectin in glycoconjugate microarrays and found that both natural and recombinant WFA (rWFA) bind to Gal-and GalNActerminated glycans. We also produced a GalNAcβ1,4GlcNAc (LacdiNAc/LDN)-binding lectin by directed mutation. Our findings clarify glycan binding in support of lectin studies and provide insight into how binding specificity can be engineered with recombinant lectins.
Results

Determination of the WFA complementary DNA sequence
We determined the full-length WFA complementary DNA (cDNA) sequence by rapid amplification for cDNA ends (RACE) and registered it in the GenBank Database (http://www.ncbi.nlm.nih.gov/genbank) under accession number AB900790. The cDNA isolated from W. floribunda seeds contained 996 nucleotides comprising the complete coding region of 861 nucleotides encoding a 286-amino acid lectin protein and polyadenylation signals, as well as an AATAAG motif at position 911-916 (Figure 1 ). The deduced amino acid sequence contained an N-terminal signal sequence predicted by SignalP 4.0 software (Emanuelsson et al. 2007 ) at position 1-30; we confirmed by amino acid sequencing (Barker and Farnes 1967) that the lysine at position 31 is the N-terminal amino acid of natural WFA (nWFA) purchased from Vector Laboratory and EY Laboratory. The 30 N-terminal amino acids and the C-terminal 13 amino acids encoded by the cloned cDNA were not observed in nWFA, in which 98% of the tryptic peptides were assigned to the amino acid sequence deduced from cloned cDNA without the N-or C-terminus (Supplementary Figure S1 ). These results suggest that the N-and C-terminal amino acid sequences encoded by the cloned cDNA are processed during maturation of WFA. The deduced amino acid sequence also had a potential N-glycosylation site at position 146, where a fucose-containing glycan detected by Aleuria aurantia lectin (AAL) attaches to nWFA (Supplementary Figure S2) (Ramirez-Soto and Poretz 1991) .
The amino acid sequence of WFA was compared to those of other legume lectins. As shown in Figure 2 , WFA belongs to the legume lectin family, and shares 62.8, 60.9, 60.6, 58.5 and 39.5% local identity with legume lectins isolated from Robinia pseudoacacia (BAA36414), Cladrastis kentukea (AAC49150), Sophora japonica (AAB51441), Glycine max (P05046) and Arachis hypogaea (P02872), respectively. The amino acid sequence of WFA was also compared with those of Helix pomatia agglutinin, HPAI and HPAII (Markiv et al. 2011) , which were GalNAc specific lectins. No significant homologies have been found among them.
Expression and purification of recombinant lectin
In order to express the recombinant lectin in bacterial cells, isolated cDNA was introduced into a periplasmic expression vector with tandem N-terminal FLAG tags and His × 6 tags at and transformed into Escherichia coli ( Figure 3A ). After isopropyl β-D-1-thiogalactopyranoside (IPTG) induction, rWFA expression in the periplasmic fraction was confirmed by FLAG-tag immunoblotting ( Figure 3B ). The expressed rWFA leaked into the culture medium unexpectedly; thus, the recombinant lectin was purified from the culture medium. The affinity purification of rWFA is shown in Figure 3C ; the lectin migrated as a single band at 31 kDa under reducing conditions and as dual bands of 31 and 62 kDa under non-reducing conditions. Since the molecular weight of nWFA was deduced to 56 kDa under non-reducing conditions and dissociated to 28 kDa under reducing condition ( Figure 3C , lanes 2 and 5), nWFA was predicted to comprise a cysteine (Cys) dimer at position 272, the only Cys residue in WFA. Actually, rWFA with Cys-to-alanine substitution at position 272 (C272A) could not form a dimer even under non-reducing conditions and migrated as a single band ( Figure 3C , lane 6). These results indicated that rWFA expressed in the culture medium of E. coli could form a Cys-272 dimer similar to nWFA.
Glycan-binding specificities of nWFA and rWFA
In order to investigate the glycan-binding specificities of nWFA and rWFA, the indocarbocyanine (Cy3)-labeled lectins were analyzed by a glycoconjugate microarray of 98 glycans and glycoconjugates. Results showed that the glycan-binding specificities of nWFA and rWFA were similar ( Figure 4 and Table I ). They bound to GalNAc-terminated glycans (31, 39, 40, 41, 42, 58 and 63) , Gal-terminated glycans (33, 37, asialofetuin, asialo-α1-acid glycoprotein (AGP), asialo-transferrin (Tf), asialo-porcine thyroglobulin (PTG)) and mucins (asialo-bovine submaxillary mucin (BSM), asialo-glycophorin (GYP), BSM). These results indicated that WFA is a Gal/GalNAc-binding lectin and that rWFA produced in bacterial cells had the same glycan-binding activities as that of nWFA purified from wisteria seeds. The C272A mutant yields a monomeric rWFA, which showed a significant decrease in glycan binding to most of the glycoconjugates except 41, which is LDN. As shown in Figure 4 , C272A seemed to be an LDNspecific binding lectin.
Expression and characterization of truncated rWFA
In order to elucidate the molecular function of the C-terminal domain of WFA, C-terminal 13-amino acid truncated rWFA was expressed and examined for glycan-binding specificity. On sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) ( Figure 5B), the truncated rWFA (rWFA-tr-N-tag) was no longer able to form a dimer under non-reducing conditions in spite of the intact Cys-272. Interestingly, truncated rWFA also showed LDN-specific binding on the glycoconjugate microarray ( Figure 6 ). These data suggest that the C-terminal domain is necessary for WFA dimer formation, but was not involved in LDN binding. In addition, the position of the flag tag sequence of the C-terminal-truncated C272A derivative was also examined, because the tag sequence may affect protein conformation and glycan-binding activities. The N-terminal and C-terminal FLAGtagged C272A derivatives were expressed and purified as shown in Figure 5B ; each recombinant lectin exhibited LDN-specific binding ( Figure 6 ). These results showed that the tag position was not associated with the expression and glycan-binding activity of C272A.
Quantitative analysis of glycan-binding affinity by frontal affinity chromatography
Glycoconjugate microarray analysis revealed that nWFA has broad glycan binding specificity for Gal-and GalNAc-terminated Approximately 20 μg of proteins extracted from the culture medium, periplasmic fraction, soluble fraction and insoluble fraction were suspended in SDS-PAGE sample buffer containing 2-mercaptoethanol (2ME) and applied to the 12.5% SDS-PAGE gel. The proteins were detected by Coomassie Brilliant Blue (CBB) staining (lanes 1-4) and western blotting with anti-DDDDK antibody (lanes 5-8). (C) Purification of rWFA and C272A mutant from the culture medium. Recombinant lectins were purified using the anti-flag tag affinity column and elution peptide. Approximately 0.5 μg of nWFA, rWFA and C272A were applied to the 12.5% SDS-PADE gel under reducing conditions (lanes 1-3) or non-reducing conditions (lanes 4-6) and detected by CBB staining. recombinant WFA, rWFA; SDS-PAGE, sodium dodecyl sulphate-polyacrylamide gel electrophoresis. This figure is available in black and white in print and in color at Glycobiology online.
glycans; however, recombinant C272A showed specific binding for LDN. In order to assess the glycan-binding affinity of lectins, frontal affinity chromatography (FAC) analysis was employed, in which 130 kinds of glycans were used to immobilize nWFA and C272A. The affinity of each glycan to lectin is reported as an association constant (Ka) (Figure 7 and Table II) . GalNAc-terminated glycans were bound by C272A weakly, unlike the results of the glycoconjugate microarray. Some GalNAc-terminated glycans (702, 708, GalNAcα-, GalNAcβ-, LDN type I (GalNAcβ1,3GlcNAc-) and LDN type II (GalNAcβ1,4GlcNAc-)) showed slightly higher affinity against nWFA than C272A. Notably, the LDN type-II glycans exhibited the highest affinity to both nWFA and C272A, with Ka values of 15 × 10 5 M and 13 × 10 5 M, respectively. Meanwhile, Gal-terminated glycans including highly branched N-glycans (313, 314, 323, 418 and 420) displayed affinity to nWFA with lower Ka values (0.59-1.5 × 10 4 ) than GalNAc-terminated glycans, but not to C272A. An overall comparison of the affinities for the 130 PA-and pNP-labeled glycans revealed that nWFA and C272A have nearly identical glycan binding profiles except for Gal-terminated glycans (Supplementary Figure S4) . Thus, nWFA has dual glycan binding activities for GalNAc-and Galterminated glycans; however, recombinant lectin C272A retained affinity for GalNAc-terminated glycans and lost its affinity for Galterminated glycans.
Specific detection of LDN in the lectin histochemistry
Since C272A exhibited restricted glycan binding specificity, we applied C272A to the lectin histochemistry to look for specific detection of LDN. We previously reported that the LDN glycans are synthesized by a glycosyltransferase, B4GALNT3, expressed in the gastric mucosa (Ikehara et al. 2006) . To characterize LDN expression in the gastric mucosa, gastric specimens from wild-type and B4galnt3 −/− mice were analyzed by histological staining with nWFA and C272A. Fluorescence microscopy showed both nWFA and C272A stained the surface mucous cells of mouse gastric mucosa (Figure 8 ). These strong signals completely disappeared in the surface mucous cells of B4galnt3-deficient gastric mucosa. These results indicate that both nWFA and C272A are able to direct LDN expression in gastric mucosa.
Discussion
In this study, we identified the gene encoding WFA, which has a long history of use in research, and examined glycan binding specificity in a glycoconjugate microarray using bacterially expressed recombinant lectins. The WFA cDNA encodes a novel protein composed of 286 amino acids containing an N-terminal signal peptide Fig. 4 . Glycan-binding specificity of natural and rWFA by glycoconjugate microarray. rWFA and the C272A mutant were affinity purified from E. coli culture media. nWFA, rWFA and C272A were labeled with indocarbocyanine (Cy3) and applied to the glycoconjugate microarray at a concentration of 1.0 μg/mL. The binding profiles are shown as the signal intensity of the reacted glycoconjugate (A, nWFA, B, rWFA and C, C272A). The glycoconjugates are listed in Supplementary  Table 1 . The glycan structures bound to each lectin are summarized in Table I .
(1-30 aa), C-terminal putative propeptide (273-286 aa) and a single N-glycosylation site (N146). The 13 C-terminal amino acids, which are not present in the nWFA purified from natural products, are likely processed out in the mature lectin. Such processing of the Cterminal region is common in other plant lectins, such as wheatgerm agglutinin (Raikhel and Wilkins 1987) and peanut agglutinin (PNA) (Rodriguez-Arango et al. 1992) . The protein profile of WFA, including amino acid composition and molecular weight, were very similar to those of wisteria lectins previously reported by Kurokawa et al. (1976) and Cheung et al. (1979) but differed from other wisteria lectins, WFM and WFH (Toyoshima et al. 1971, Toyoshima and Osawa 1975) . It is suggested that W. floribunda seeds contain isolectins. Recently, Soga et al. (2013) described the purification of a GalNAc-recognizing lectin from Wisteria japonica and a lectin from W. floribunda seeds; they also reported a partial N-terminal amino acid sequence of WFA. Their reported amino acid sequences, however, are not identical to the one described in this study. We suggest that the amino acid sequence determined by Soga et al. represents an isolectin of WFA. In fact, during our study, we found at least three other genes encoding putative isolectins, which shared 62%, 65% and 65% amino acid sequence identities with a partial region of WFA (data not shown). rWFA produced in E. coli exhibited glycan binding activities with specificity similar to that of nWFA, suggesting the N-glycosylation on asparagine 146 of nWFA is not necessary for lectin activity. Thus, most expression systems should be capable of producing a recombinant lectin for large-scale preparation. Another legume lectin, soybean agglutinin (SBA), produces analogous results, as N-glycosylation does not contribute to lectin activity or multimer formation (Adar et al. 1997) . The role of glycosylation in plant lectins remains unknown. nWFA formed a dimer under non-reducing conditions, in which Cys-272 likely contributed to disulfide bond formation. In the WFA propeptide of 286 amino acids, Cys-272 lies around the C-terminus, which is processed out. Our observation of C-terminal truncated rWFA not forming a dimer indicates that dimer formation occurs in the propeptide with the C-terminal domain intact, and that the processing reaction is part of the maturation process. Other legume lectins, SBA and PNA that also reported to form multimers (Young et al. 1991 , Adar et al. 1997 , are formed by non-covalent bonds because the Cys residue is not conserved (Figure 2 ). Sophora Japonica agglutinin (SJA) contains a Cys residue around the C-terminus and might be able to form a disulfide dimer similar to WFA.
nWFA and rWFA exhibited the same glycan binding activity toward both Gal-and GalNAc-terminated glycans in the glycoconjugate microarray. Among the Gal-terminated glycans, nWFA seems to prefer multiple Gal structures such as highly branched N-glycans. These binding properties are consistent with the preliminary screen of commercial WFA using an independently developed glycan array described in the Functional Glycomics Gateway web site (http://www. functionalglycomics.org/glycomics/publicdata/selectedScreens.jsp). The glycoconjugate microarray also showed that a Cys272-substituted rWFA derivative exhibits a unique glycan-binding activity toward LDN glycans. On the other hand, FAC analysis indicated that the monomeric C272A lectin lost binding activity for Gal-terminated glycans but retained activity for GalNAc-terminated glycans and LDN. The inconsistencies between the glycoconjugate microarray and FAC analysis may be due to differences in the density of immobilized lectins and glycans in each format; however, the elimination of binding activity of C272A against Gal-terminated glycans occurred in both assays. A Cys-272 residue near the C-terminus of mature WFA is not expected to be involved in the formation of the glycan binding site, similar to another legume lectin, PNA (Young et al. 1991) . It is possible that dimer formation through Cys-272 is particularly important for terminal Gal recognition by nWFA. Further, each of the Gal-terminated and GalNActerminated glycans might be recognized by discrete regions of nWFA, and the Gal binding site of nWFA might be configured only in the dimeric form. In addition, 716 (GalNAcβ1,3Galα1,4β1,4Glc) and 717 (GalNAcα1,3GalNAcβ1,3Galα1,4Galβ1,4Glc), both of which are GalNAc-terminated glycans, did not bind to C272A in the FAC analysis. The terminal GalNAc residues of both glycans were connected to neighboring glycans with an α/β1-3 linkage, making recognition by the C272A difficult. For a similar reason, type I LDN (GalNAcβ1,3GlcNAc) might exhibit larger differences in binding affinity between nWFA and C272A than type II LDN (GalNAcβ1,4GlcNAc) (Figure 7) .
Currently, several issues remain unresolved about WFA. The first is the structure. In order to elucidate the molecular interaction between glycans and WFA and to clarify the difference in glycanbinding specificities of nWFA and C272A, structural studies of both lectins are required. Recently, Evans et al. performed X-ray crystallography and successfully clarified the structure of nWFA as a tetramer form in complex with GalNAc and LDN, and they explained the molecular-based reason for nWFA recognizing LDN with higher affinity than GalNAc (Haji-Ghassemi et al. 2016 ). In our study, C272A showed more specific recognition for LDN than nWFA. Xray crystallography of C272A with LDN is now being performed and in progress to clarify the recognition difference between nWFA and C272A. Another issue is large-scale production. Legume lectins are not easily expressed as active recombinant forms; however, rWFA can be produced in its native form with a disulfide bond in the medium and periplasm of an E. coli expression system. C272A, which is a monomeric lectin, may be purified from the medium and inclusion bodies. Solubilization of inclusion bodies and subsequent refolding were used to purify a legume lectin, PNA, which has no disulfide bond (Sharma and Surolia 1994) . Since N-glycosylation of lectins does not mediate glycan binding activity, it is possible to adapt various protein expression systems. Large-scale expression using methylotrophic yeast might be useful as it has been for the kidney bean lectin, Phaseolus vulgaris phytohemagglutinin E-form (PHA-E) (Baumgartner et al. 2002) . In conclusion, we identified a gene encoding WFA and developed an engineered lectin, C272A, with distinctive glycan binding affinity for LDN glycans. This indicates that the broad specificity of lectins, considered a substantial drawback, can be engineered for improved specificity. In the near future, improvements in recombinant lectin affinity, specificity and stability might be made possible by evolutionary engineering with the WFA sequence as a template (Hu et al. 2012 (Hu et al. , 2013 . Such engineered lectins could be useful for sensitive detection of diagnostic biomarkers.
Materials and methods
Reagents nWFA purified from W. floribunda seeds was purchased from Vector Laboratories (Burlingame, CA) and EY Laboratories (San Mateo, CA). Biotinylated AAL was also purchased from Vector Laboratories. An anti-FLAG M2 antibody conjugated with horseradish peroxidase (Sigma-Aldrich, St. Louis, MO) was used for signal detection.
Construction of W. floribunda cDNA library
Total RNA was extracted from W. floribunda seeds as described (Naito et al. 1994) . Briefly, 150 mg of seeds were ground in liquid nitrogen and suspended in extraction buffer (1 M Tris-HCl pH9.0/ 1% SDS), and a mixture of phenol/chloroform/isoamyl alcohol (25:24:1, PCI) was added and homogenized thoroughly. After centrifugation, the suspension was transferred to a microfuge tube containing PCI and mixed thoroughly. The supernatant was collected after centrifugation, and three volumes of ethanol and 1/10 volumes of 3 M sodium acetate were added and stored at −80°C until the nucleic acid had precipitated. The precipitate was air-dried and dissolved in water, then stored on ice with an equal volume of 4 M LiCl overnight. After sequential washes with 2 M LiCl and 70% EtOH, total RNA was recovered as a precipitate. Poly(A) RNA was isolated from total RNA using NucleoTrap mRNA (MachereyNagel, Duren, Germany) and then used as the template for cDNA synthesis. The cDNA library for gene isolation by RACE was constructed by using the Marathon cDNA Amplification Kit (Clontech Laboratories, Mountain View, CA).
Isolation of WFA cDNA
The cDNA encoding WFA was isolated from W. floribunda seeds by polymerase chain reaction (PCR). The database was searched with the amino acid sequence of SBA as a query to obtain the amino acid sequences of three legume lectins (Robinia pseudoacacia, accession no. BAA36414, Sophora japonica, AAB51441 and Cladrastis kentukea, AAC49150). Two degenerate primers, 5′-CTCTTGCTACTCAACAAGGTGAA-3′ and 5′-CAACTCTAA CCCACTCCGGAAG-3′, were designed to be complementary to the regions most highly conserved between the three lectins, and PCR amplification was performed using KOD-plus-DNA polymerase (TOYOBO, Osaka, Japan) and W. floribunda cDNAs template. Approximately 650 bp amplified DNA was sub-cloned into pCR-Blunt II-TOPO (Life Technologies, Carlsbad, CA) and the nucleotide sequence was determined on a 3130xl Genetic Analyzer (Life Technologies), which revealed a partial open reading frame (ORF) encoding a novel lectin. To identify the full-length cDNA, 5′-and 3′-RACE methods were employed using the Marathon cDNA from W. floribunda seeds. The 5′-RACE was performed with two-step PCR and the following primers: First round, 5′-ATTTATTGTGACGGTCGTCATG-3′ and Adapter Primer-1 (Clontech Laboratories); Nested PCR, 5′-GTCA TGGAAAAGCCCGAGCAGT-3′ and Adapter Primer-2 (Clontech Laboratories) yielded a 450-bp DNA fragment containing a partial ORF with a predicted translational start codon. The 3′-RACE was performed with the following primers: first round, 5′-ACTATAGA CTGGTTCGCCGTCC-3′ and Adapter Primer-1; Nested PCR: 5′-GGGTGAGTTGTAAATGCCCTGA-3′ and Adapter Primer-2 also yielded a 700 bp DNA fragment containing a partial ORF and predicted termination codon. Finally, full-length cDNA was obtained by PCR using primers 5′-AGCCATGGCTAGCTCCCAAA-3′, and 5′-GAAATTAGATGGAACCGCGC-3′, and the amplified 869-bp DNA fragment was sub-cloned into pCR-Blunt II-TOPO.
Plasmid construction
To express recombinant lectin in E. coli, WFA cDNA (amino acids 31-286) was introduced into the pET20b expression vector (Merck4Biosciences, Darmstadt, Germany) following the pel B reader sequence and His6-FLAG tag. A DNA fragment was PCRamplified with primers 5′-ccatggGACATCATCATCATCATCACC TCGACTACAAGGACGACGATGACAAGGGCAAAGAAACAAC TTCCTTTGTC-3′ and 5′-ctcgagTTAGATGGAACCGCGCAGAA-3′, then digested with NcoI and XhoI shown as lower cases and ligated into pET20b to yield the expression plasmid, pET20b-HF-WFA. A Cys to alanine substitution at position 272 was introduced by two-step PC R. Briefly, two PCR fragments amplified with primers 5′-TAATAC GACTCACTATAGG-3′ and 5′-ATGCAAGTTGTTGGCATCATCAC TGCT-3′, and 5′-AGCAGTGATGATGCCAACAACTTGCAT-3′ and 5′-GCTAGTTATTGCTCAGCGG-3′ were incubated with pET20b-HF-WFA at 95°C and gradually returned to room temperature to anneal them. Annealed DNA was used as a template for PCR amplification with primers 5′-TAATACGACTCACTATAGG-3′ and 5′-GCTAGTTATTGCTCAGCGG-3′ and the amplified product was ligated into pET20b after digestion with NcoI and XhoI. The expression plasmid for the WFA variant with a FLAG tag and C-terminal truncation was constructed by ligation of the PCR fragment yielded by 5′-gaattcAGACTACAAGGACGACGATGACAAGAAAGAAACAA CTTCCTTTGT-3′ and 5′-ggcctcgagTTAGTTGCAATCATCACTG CTAGGATCT-3′ into pET20b after digestion with EcoRI and XhoI (shown in lower case). To express the N-FLAG and C-FLAG C272A C-terminal truncated variants, the PCR fragment amplified with 5′-gaattcAGACTACAAGGACGACGATGACAAGAAAGAAA CAACTTCCTTTGT-3′ and 5′-ggcctcgagTTAGTTGGCATCATCACT GCTAGGATCT-3′ and 5′-ggaattcaAAAGAAACAACTTCCTTTGT-3′ and 5′-ctcgagTTACTTGTCATCGTCGTCCTTGTAGTCGTTGGCAT CATCACTGCTAGGATCT-3′ were ligated into pET20b after EcoRI and XhoI (shown in lower case) digestion, respectively.
Expression and purification of recombinant lectins
All plasmids were transformed into E. coli BL21-CodonPlus(DE3)-RIPL (Agilent Technologies, Santa Clara, CA). Recombinant lectins were expressed by 24 h induction with 1 mM IPTG at 25°C. The cells were harvested and washed twice with phosphate-buffered saline (PBS) before lysis. Protein extraction from the periplasmic fraction was performed according to the pET system manual, 11th edition (Merck Millipore, Billerica, MA). The soluble protein fraction was prepared using BugBuster HT protein extraction reagent (Merck Millipore) according to the manufacturer instructions. Recombinant lectins were purified from the culture media using a DDDDK-tagged protein purification gel and DDDDK elution peptide (MBL, Nagoya, Japan). Each elution fraction was concentrated using Amicon Ultra 3K (Merck Millipore) to remove the DDDDK peptides.
N-terminal sequence analysis
The N-terminal amino acid sequence of nWFA was analyzed using Procise 492HT (Applied Biosystems, Foster City, CA).
Tryptic peptide mapping
nWFA was separated by 10% SDS-PAGE and excised from the gel for trypsin digestion. Gel pieces were subjected to in-gel reduced Salkylation reaction with iodoacetamide and then incubated with excess porcine trypsin (MS grade, Wako Pure Chemical Industries, Osaka, Japan) for 16 h at 37°C. The digested solution was analyzed by mass spectrometry on an LTQ Orbitrap Velos ETD (Thermo Fisher Scientific, Waltham, MA).
Glycoconjugate microarray analysis
The glycan binding specificities of nWFA and the rWFA variants were examined by glycoconjugate microarray analysis as described (Tateno et al. 2008) . Each Cy3-labeled lectin protein was applied to a glycoconjugate microarray containing 98 kinds of glycan and glycoconjugate at a concentration of 1.0 μg/mL, and specific binding was visualized by evanescent field-assisted fluorescent detection on a Fig. 7 . Quantitative FAC analysis of nWFA and C272A affinity to Gal-and GalNAc-terminated glycans. Association constants (K a value) of nWFA and C272A to various types of Gal-and GalNAc-terminated glycans were determined by FAC analysis. Glycan structures bound to nWFA or C272A are summarized in Table II . The overall results of FAC analysis are shown in Supplementary Figure S4 and the list of PA-labeled glycans is shown in Supplementary Figure S5 . FAC, frontal affinity chromatography.
Glycostation Reader 1200 (Glyco Technica, Yokohama, Japan) in Cy3 mode.
Frontal affinity chromatography
FAC was performed with an automated system as described (Nakamura et al. 2005 , Tateno et al. 2007 ). Briefly, nWFA or C272A was immobilized on N-hydroxysuccinimide-activated Sepharose Fast Flow (GE Healthcare, Amersham, UK) and packed into a miniature column (inner diameter, 2 mm; length, 10 mm; bed volume, 31.4 μL). A panel of pyridylamino (PA)-or para-nitrophenyl (pNP)-labeled glycans were successively injected into the column. Retardation of the elution front relative to that of an appropriate standard glycan (V-V0) was calculated as described by Hirabayashi et al. (Hirabayashi et al. 2003) . The association constants (Ka) were calculated from V-V0 and effective ligand contents (Bt) based on the basic FAC equation: Kd = Bt/(V-V0) (if Kd » [A]0), where [A] 0 is the initial concentration of PA or pNP glycan.
Lectin histochemistry
Murine tissue sections were prepared from frozen stomach specimens of wild-type C57BL/6J and B4galnt3 −/− mice and subjected to lectin histochemical analyses with nWFA or C272A. Briefly, 5-μm frozen sections were fixed in 10% formalin for 5 min, and then rehydrated in PBS for 15 min at room temperature. For specific detection of lectin binding, nWFA and C272A were biotinylated using a biotin labeling kit (Dojindo Laboratories, Kumamoto, Japan). The sections were incubated with blocking reagent (PBS containing 0.05% Tween 20 and 5% bovine serum albumin) for 30 min at room temperature, and then reacted with biotinylated nWFA or C272A for 12 h at 4°C. After washing twice with PBS containing 0.05% Tween 20 (PBS-T) for 5 min, the sections were incubated with Streptavidin Alexa Fluor 488 conjugate (Life Technologies) for 30 min at room temperature.
After washing with PBS-T, the sections were incubated with rhodamine phalloidin (1:100 in PBS; Life Technologies) for 10 min to stain F-actin. After washing with PBS-T, the sections were incubated with Hoechst 33,342 (1:5000 in PBS; Life Technologies) for 10 min to 
